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Abstract Successful plant invasions require both
the founding and local spread of new populations.
High plant densities occur only when founding
plants are able to disperse their seeds well locally
to quickly colonize and fill the new patch. We test
this ability in a 7-year field experiment with
Carduus acanthoides, an invasive weed in several
North American ecosystems. Founder plants were
planted in the center of 64 m?* plots and we mon-
itored the recruitment, distribution pattern, mor-
tality, and seed production of the seedlings that
originated from these founding plants. Competing
vegetation was clipped not at all, once, or twice
each year to evaluate the importance of interspe-
cific competition. More seedlings recruited in the
intermediate once-clipped plots, and these seed-
lings also survived better. The control plots had
fewer microsites for seedling recruitment; clipping

E. Jongejans (X)) - O. Skarpaas - K. Shea
Department of Biology and IGDP in Ecology,
The Pennsylvania State University,

208 Mueller Laboratory, University Park,

PA 16802, USA

e-mail: exj10@psu.edu

O. Skarpaas
Norwegian Institute for Nature Research,
PO box 736, Sentrum, NO 0105 Oslo, Norway

P. W. Tipping
USDA-ARS, Invasive Plant Research Laboratory,
Ft. Lauderdale, FL 33314, USA

a second time in September stimulated grasses to
fill up the gaps. The number of C. acanthoides
recruits and their median distances from the
founder plants were also explained by the initial
seed production of the founding plants. Overall,
the experiment shows that the success of founder
plants can fluctuate strongly, as 55% of the plots
were empty by the sixth year. Our study suggests
that the local invasion speed following initial
establishment depends strongly on both the
propagule pressure and availability of suitable
microsites for seedling recruitment and growth.

Keywords Carduus acanthoides - Founding
populations - Invasion - Microsite limitation -
Neighborhood expansion - Propagule pressure -
Seed limitation - Stratified diffusion - Weed

Introduction

Biological invasions can be described by stratified
diffusion: new populations are founded by long-
distance dispersal, after which these founders
colonize the new site in a wave like fashion
(Hengeveld 1989; Andow et al. 1990; Shigesada
and Kawasaki 1997). Thus, invading weeds need
not only the capacity to disperse over long dis-
tances but also the ability to rapidly increase in
population density when they colonize a new area
(Pauchard and Shea 2006). However, invaders are
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often studied in existing populations (e.g., Shea
and Kelly 1998; Lambrecht-McDowell and
Radosevich 2005). Unfortunately, populations of
fugitive biennials are ephemeral, and thus most
established populations will show population de-
clines (van der Meijden et al. 1992). A better
understanding of the dynamics of newly estab-
lishing populations is essential, and may provide
insight into control options in the important early
stage of invasion.

The successful establishment of a population
after arrival in a new site (Kolar and Lodge 2001)
is limited by several factors that can affect either
the recruitment or the growth of new plants. Some
of these factors have to do with the plant and some
with the environment (Shea and Chesson 2002):
production and dispersal of seeds, the availability
of suitable microsites at the time of recruitment
(Eriksson and Ehrlén 1992; Jongejans et al.
2006b), and interspecific competition by neigh-
boring plants (Fenner 1978). These factors
together determine the invasion wave speed with
which a weed colonizes a new site (Schippers et al.
1993; Kot et al. 1996; Neubert and Parker 2004).

Here, our objective was to investigate how
initial propagule pressure and above-ground
competition affect the establishment success of a
new population. We study the recruitment and
resultant distribution patterns of the progeny of
founder Carduus acanthoides plants during the
initial colonization phase of an invasion. This
invasive thistle is a major pest in the USA, where it
can form dense infestations. Its wind-dispersed
seeds (Feldman and Lewis 1990) and association
with man-made habitats enables this species to
invade most of temperate America, but it is found
to have low competitive abilities in established
vegetation, as it needs gaps for recruitment
(D. Ruggiero, E. Rauschert, and K. Shea, unpub-
lished results). Here we therefore test the ability of
C. acanthoides to spread locally under three dif-
ferent levels of interspecific competition by clip-
ping the surrounding vegetation not at all, once, or
twice, to simulate different competition regimes.

Materials and methods

Plumeless thistle, C. acanthoides L. (Asteraceae),
is a European thistle that has invaded pastures,
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right-of-ways and natural areas throughout the
temperate USA. It was first recorded in the USA
in 1879 (Desrochers et al. 1988). A survey by
Dunn (1976) reported infestations of C. acantho-
ides in 188 counties in 19 states; by 2002 it had
been reported in 31 states (Allen and Shea 2006).
In Maryland, only one county was originally listed
as infested (Dunn 1976), but at least nine counties
were infested by 1999 (P.W. Tipping, unpublished
data). In some of those counties, Tipping (1992)
reported infestations of more than 15,000 plants
per ha in permanent pastures. The monocarpic
rosettes of C. acanthoides can potentially form
flower stalks up to 2 m high before they die. It
reproduces strictly by seed, which can be
dispersed by wind using its attached pappus
(Feldman and Lewis 1990; O. Skarpaas and
K. Shea, submitted for publication).

This study was conducted for 7 years (1993—
1999) at the Maryland Department of Agriculture
facility in Cheltenham, MD. The site was a
slightly rolling 8 ha field with no recorded history
of C. acanthoides. The soil series was a combi-
nation of sandy loams (types Keyport and
Matapeake) and clayey, mixed, mesic soil (Aguic
Hapludult) with a 2% slope. The study area was
dominated by the grasses Andropogon virginicus
L., Festuca arundinacea Schreb., Dactylus glom-
erata L. and Cynodon dactylon (L.) Pers., that
were routinely mowed prior to this study. A
0.2 ha area was plowed up and disced in July 1993
as C. acanthoides is expected to colonize espe-
cially well after vegetation disturbances. The field
was divided into 24 plots, each 8 m x 8 m with a
1 m wide border. Rosettes (52 + 9.7 cm mean
diameter and standard deviation) of C. acantho-
ides were planted individually in the center of
each plot on October 11, 1993. These plants
served as the experimental ‘“founder” plants for
evaluating a population that was invading a new
patch. The experimental layout was a randomized
complete block design with three treatments over
eight blocks. These treatments consisted of clip-
ping all vegetation that re-established in the plots
during the first year after plowing, except all
C. acanthoides rosettes, never (control), once
(usually in July), or twice (in July and September)
each year from 1994. By clipping the vegetation in
the plots we simulated conditions where the
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thistles experience less above-ground competition
and seeds encounter more gaps for recruitment,
such as in pastures (the thistles are not eaten by
cattle) or mowed right-of-ways. Please note that
the July clipping was done in the main flowering
period of C. acanthoides, while no seeds were
produced in September. Clipping was done with a
rotary mower throughout the entire plot and with
hand clippers around thistle plants to avoid
damaging them, at an approximate height of
7-8 cm. Border margins were never mowed. No
attempts were made to exclude any organisms
that may affect various life stages of the plant,
such as generalist predators like rodents, birds,
ants, or more specialized insect herbivores like
the three Coleoptera: Cassida rubiginosa Miiller
(Chrysomelidae), Rhinocyllus conicus Froelich
and Trichosirocalus horridus (Panzer); the latter
two are members of the Curculionidae.

The flowering heads in the experiment were
counted each week. A head was considered in
flower if any corolla tubes with color were visible.
Seed dispersal usually occurred 7-10 days later.
To non-destructively estimate the number of
seeds produced by the flower heads in the exper-
imental plots on a weekly basis, 25 greenhouse-
grown rosettes of C. acanthoides were planted in
an adjacent plot each fall, starting in 1993. These
extra plants were arranged in a square grid with
92 cm between the plant centers. All mature
heads were sampled up to three times per week
before seed dispersal and returned to the labo-
ratory where seeds were removed and tested for
germination (Tipping 1991).

Seed bank estimates were made once on March
29, 1995, by sampling along transects radiating
outward from the founder plant in eight directions
at distances of 2.5, 15, 31, 61, and 92 cm for a total
of 40 samples per plot. A soil corer sampled an
area of 5.1 cm” to a depth of 7.6 cm and soil cores
were bulked within distance and plot. Previous
studies in C. acanthoides infested areas with well-
established soil seed banks in western Maryland
found that more than 97% of seeds occurred
within 7.6 cm of the soil surface (P.W. Tipping,
unpublished data). Samples were pulverized and
spread in a thin layer over a bed of ProMix'™ in
individual flats and placed in a greenhouse under
ambient conditions. Flats were watered as needed

and seedlings of C. acanthoides were recorded and
removed until no more germination occurred.
Samples were then lightly stirred when no new
seedlings were detected after 2 weeks. Three cy-
cles of stirring were done and sampling was dis-
continued after the last stirring, because of the low
probability of detecting new germinations.

All individual seedlings, rosettes, and bolted
plants in the experiment were recorded,
numbered, and marked with flags 1-4 times
each year (18 October 1994, 28 March, 15
June and 1 December 1995, 11 April, 14 June
and 24 September 1996, 27 March, 18 June,
22 September and 17 December 1997, 1 April,
22 June, 23 September and 15 December 1998,
and 21 April 1999). The numbers of different
individual plants in a plot observed during at least
one census in a year were used in the analyses.
The distance from the founder plant in the center
of the plot to recruited plants was measured to
the nearest centimeter.

Data analysis

We analyzed the fate of the founding population
in 1998 (any plants present or not) as a function of
initial seed production and the clipping treat-
ments in a generalized linear model with quasi-
binomial error distribution. The effects of these
factors on the total number of recruits over the
years in a plot (log-transformed after adding 1 to
increase normality of the data) and on the median
distance of all recruits in a plot were analyzed
with ANCOVAs. The trends (over the years) in
the numbers of rosettes and seeds produced per
plot were studied with generalized linear mixed
models, with quasipoisson error distribution, that
accounted for the fact that the same plots were
studied each year (Pinheiro and Bates 2000). The
trends in distances of the new recruits from the
plot center were analyzed with a similar model
but with normal error distribution, after normal-
izing the data by log-transformation. Finally,
we calculated expansion speeds for each treat-
ment X year combination as the ratio of the
90-percentile of the distances of new recruits in
that year, to the number of years since the foun-
der plants released their seeds. All analyses were
done in R (R Development Core Team 2005).
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Two plots (with only one recruit each) were left
out of all the analyses because we suspected inter-
plot seed dispersal: in those two plots (a 1x clip-
ping plot and a no clipping plot) a rosette appeared
near the border more than a year after the last seed
production event in those plots. In both cases the
seedling appeared after an interval in which plants
in adjacent plots produced seeds. In other plots in
which seedlings appeared from the seed bank, they
always appeared closer to the center.

Results

All of the founder plants bolted, flowered and
produced seeds in 1994, with the peak of seed rain
in the second week of July. The number of seeds
produced by the founder plants (1111 = 614
mean and standard deviation, n = 22) was not
significantly different among blocks (df =7,
MS =120 x 10°>, F=1.66, P =0.18) or treat-
ments (df =2, MS =839 x10°, F=0.947,
P =0.41), as was to be expected since the treat-
ments were only initiated once the founder plants
were flowering. However, for the next 2 years the
average seed rain was low (59 and 233 seeds per
plot, respectively), before increasing in 1997
(especially in the single clipping treatment: 3541
seeds per plot; Table 1). Despite the similar initial
quantity of seed rain in the plots, neither

seedlings nor rosettes were detected in four of
the plots from the spring and summer of 1995
to the spring of 1999. In another eight plots none
of the recruits produced seeds before dying. The
clipping treatment affected the total number of
plants present in the plots during the later part of
the study with significantly larger numbers found
in the plots that were clipped once annually
(Tables 1 and 2). Generally, if one recruited
seedling was able to survive and produce seeds,
then more recruitment was likely in subsequent
years, especially if many seeds were produced.
Without regular infusions of seeds to the soil seed
bank, thistle populations went to zero within 2—
4 years in this study, suggesting that the soil seed
bank was not long-lived. Furthermore, the soil
seed bank sampling in March 1995 yielded only
one seedling at the 15 cm interval from the
founder plant out of 320 samples. These results
agree with those of Roberts and Chancellor
(1979) and Feldman and Lewis (1990) who char-
acterized the soil seed bank of C. acanthoides as
transient. By 1998, 55% of the plots were empty
of C. acanthoides (Fig. 1).

The number of seeds produced by the founder
plants had a significantly positive effect on whether
or not any C. acanthoides rosettes were present in a
plotin 1998 (Fig. 1,¢ = 2.25, P = 0.037), with more
occupied plots in the once clipped group (¢ = 1.74,
P = 0.098) than in the no clipping group. The total

Table 1 Demographic
statistics of the founder
plants and their offspring

Variables

No clipping 1x clipping 2% clipping

Mean S.E. Mean S.E. Mean S.E

Seed production per plot

1994 1420 231 1037 168 905 247
1995 0 0 186 186 0 0
See Table 2 for statistical 1996 88 88 400 400 214 214
tests on the plot-level 1997 582 290 3541 2446 0 0
differences in rosette 1998 18 12 1982 1409 2 2
number and seed Number of rosettes per plot
production. The 1994 1.1 0.1 1.1 0.1 1.5 0.5
individual mortality, 1995 2.4 1.4 2.6 0.6 1.3 0.6
production rates are 1997 51 29 4.1 1.3 0.1 0.1
averages of all individuals 1998 1.3 0.7 11.3 72 0.9 0.6
that were found in all Recruit mortality (%) 59 49 63
plots within a certain Bolting by surviving recruits (%) 28 19 18
treatment over the years Seed production bolting recruits 248 1880 855
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Table 2 Results of general linear mixed models of total seed production and rosette number per plot with quasipoisson
error distribution, and of the log-transformed distances (to the plot center) of the recruits with normal error distribution

Parameter Seed production Number of rosettes Distance of recruits

Effect df t Effect df t Effect df t
Intercept 7.48 85 11.67%%* 0.27 85 0.48 -235 210 — 16.75%**
1x clipping -1.96 19 - 2.27% -1.18 19 - 145 0.27 210 2.56*
2% clipping 0.43 19 0.40 0.31 19 0.36 -024 210 -1.52
Year -0.61 85 —2.42% 0.10 85 0.90 0.47 210 12.93%%*
1x clipping X year 1.00 85 3.58%** 0.47 85 2.97%*
2x clipping x year - 0.65 85 -113 -0.36 85 -1.60

The 1x clipping and 2Xx clipping parameters in the models denote their deviation from the no clipping treatment. The year
and clipping interaction had no significant (P > 0.69) effect on the recruit distances and therefore no interaction was
included in that model. *P < 0.05, **P < 0.01, ***P < 0.001

At least one
plant present o 00O QO ot
in 1998
Clipping
o 0x
olx
2x
No plants Y ) o
present in 1998 o Q!. © . ,
0 1000 2000 3000

Seed production of founder plant

Fig. 1 Presence or absence of any C. acanthoides plants in
a plot in the 6th year (1998) of the clipping experiment.
Dots are spread out vertically for visual clarity

number of recruits in a plot over the years was also
significantly explained by initial seed production
(Fig. 2, df =1, MS =535, F=4.79, P =0.042)
and showed a trend with the clipping treatments
(df =2, MS =324, F=290, P=0.081) with
higher numbers in the once-clipped plots. The

2

Log of the total number of recruits

2000
Seed production of founder plant

3000

Fig. 2 Relationships between the total number of recruits
in a plot over the years with the clipping treatment and the
seed production of the initial plant in that plot. Rosette
numbers were log(x + 1) transformed

interaction term was not significant (P = 0.80) and
was omitted from the model. Together, initial
propagule pressure and clipping still account for
only a moderate part of the variation in the number
of recruits (R? = 0.37). Mortality was not affected
by the clipping treatments (Table 1), but was af-
fected by season: the greatest percentage of the
recruited population died during the summer fol-
lowed by winter, spring, and the fall. Smaller ro-
settes that were recruited during the spring were
particularly vulnerable to desiccation during peri-
ods of drier weather and warmer temperatures that
occurred during their first summer. For example, a
summer drought killed many rosettes in 1998.
The pattern of recruitment was heavily con-
centrated around each flowering plant, usually
within the periphery of the branches, but more
distant seedling recruitments occurred as well.

200 Sinor
ipping / R?=0.73
@ 0x ,
O1x ----- Y
B 02)( .................. /
150 o ,
]
Ve
, )
100 A
4 R?=0.51

50 -

Median distance of recruits

0 1000 2000
Seed production of founder plant

3000

Fig. 3 Relationships between the median distance from
the center of all new plants in a plot over the years, with
the clipping treatment and the seed production of the
initial plant in that plot
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The median recruitment distance increased with
founder plant fecundity (Fig.3, df=1,
MS = 136 x 10%, F = 14.9, P = 0.0014), but more
so for the once-clipping treatment than for the two
other treatments (clipping: df =2, MS = 5161,
F =565 P=0.014, interaction: df =2,
MS = 2883, F = 3.15, P = 0.070). The recruitment
distances were higher in the once-clipped plots
throughout the duration of the experiment (Fig. 4,

No clipping
a)1 s0 &
0.75 A
—>—1994
0.5 —=—1995
—A—1996
——1997
025 1 —e—1998
0 T T T
0 1 2 3 4

Distance from founder plant [m]

b) 1x clipping
1

0.75
0.5
0.25
0 T T T
0 1 2 3

Distance from founder plant [m]

C) 2x clipping
1 -

Proportion of the new recruits within a certain distance from the founder plant

0 1 2 3 4
Distance from founder plant [m]

Fig. 4 Proportion of the new recruits within a certain
distance [m] from the founder plant, separately for each
clipping treatment and year. In 1994, the year in which the
founding plants produced seeds, only one recruit was
found in all unclipped plots (a), one in the 1x clipped plots
(b) and four in the 2x clipped plots (¢). No new recruits
were found in the 2x clipped plots in 1997. The last year of
the study, 1999, is not included in these diagrams because
the plots were not monitored the whole year. See Table 2
for statistical details
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Fig. 5 Expansion speeds calculated for each year x clip-
ping treatment combination as the ratio of the 90-
percentile of the distances of new recruits in that year,
to the number of years since initial seed production

Table 2). No recruits were detected further than
3.5 m from the center of the plots, while the
maximal distance within the plots was 5.7 m (i.e.
from the center to a corner), although the dis-
tances above 4 m had lower detection probabili-
ties because they occurred only in the corners of
the square plots. The invasion wave speeds that
resulted from these dispersal distances were
moderate: on average 0.43, 0.70 and 0.32 m year™
in the unclipped, once-clipped and twice-clipped
plots, respectively (Fig. 5).

Discussion

High seed production of the founder plant and
removal of aboveground competitors resulted in
the largest thistle invasions. Once-clipped plots
with high initial seed production contained more
recruited plants and these were further away from
the founder plant. Management that removes the
vegetation while leaving the thistles intact, such
as grazing, therefore clearly facilitates local
invasion of C. acanthoides. In the unclipped plots
there was a preponderance of grasses with
clumped or bunched growth habits that strongly
contrasted to the mown grass in the two other
clipping treatments (P.W. Tipping, personal
observation). The timing of the clipping was also
important. Clipping when seed rain was underway
likely increased, at least temporarily, the number
of available microsites. However, this advantage
was nullified in plots clipped again in the fall by
stimulating growth, clonal propagation and ger-
mination of cooler season grasses, like Bromus
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species, which either closed microsites or out-
competed thistle seedlings. Below we discuss the
consecutive steps of colonization: seed production
and dispersal, seed arrival at suitable microsites,
and the survival and growth of the new recruits.

Seed production

Our results show clearly that the invasion success
rate and invasion wave speeds increase with the
seed production of the founder plant. This is in
accordance with theoretical models of invasions
(Kot et al. 1996; Shigesada and Kawasaki 1997),
and empirical studies of the importance of prop-
agule pressure (Veltman et al. 1996; Memmott
et al. 1998). Several specialist insect species have
been used as biological agents to reduce the seed
production of C. acanthoides and the congeneric
C. nutans (Shea and Kelly 1998; Kok 2001), but
these insects were mostly absent in our experi-
ment. Specialist herbivores that cause seed losses
probably would have a large impact on the pop-
ulation establishment success of founder plants,
but such specialists are rarely present at the
inception of a novel invasion.

Seed density on the soil

At the earliest stage of this experimental invasion,
numerous gaps were still present after plowing. It
is therefore likely that the C. acanthoides popu-
lations were initially seed limited. Post-dispersal
seed predation by generalist predators may have
caused seed losses, as many studies on post-dis-
persal seed herbivory have recorded losses
approaching 100% (Crawley 1992). Pre- but also
post-dispersal seed predators were an important
factor in reducing the seed bank and population
growth rate of C. nutans in its native habitat
(Sheppard et al. 1989; Jongejans et al. 2006a).
Since our results also indicate that the seed bank
is not very persistent, regular arrivals of new
seeds are needed to utilize new microsites.

Microsite availability

As the experimental site aged and vegetation
gaps closed, further recruitment may have

become microsite limited. Colonizing species like
C. acanthoides are often poor competitors. In
pastures most recruitment in C. acanthoides
occurs in larger gaps (Feldman et al. 1994;
Ruggiero and Shea, submitted for publication).
The treatment designed to reduce interspecific
competition the most in our experiment appears
to have had the opposite effect because, as stated
above, the second clipping in late summer or early
fall may have promoted increased tillering and
germination of grasses rather than creating more
microsites for C. acanthoides seedlings.

In our study the recruitment success was
greater closer to parent plants. Thompson et al.
(1987) and Kelly et al. (1990) found that thistle
seedlings were more likely to recruit in close
proximity to thistles that bolted and died. This
may be the result of predator satiation, of leaving
a physically open gap, or of allelopathic protec-
tion provided by the parent plant. Wardle et al.
(1993) found some evidence that C. nutans was
allelopathic as extracts of thistle tissues stimu-
lated conspecific seedlings and slightly reduced
the germination of other pasture species, but re-
search on the allelopathic status of C. acanthoides
is still ongoing.

Recruitment distributions

The recruitment patterns in our experiment
indicate strongly that the seeds were not dis-
persed uniformly, but that short-range dispersal
was prevalent in our 8 m x 8 m plots. This is in
agreement with observed seed dispersal patterns
of this species (Feldman and Lewis 1990) and
with the observation that its occurrence is
regionally aggregated (Allen and Shea 2006).
Stuckey and Forsyth (1971) and Wardle et al.
(1991) found that many thistle seeds were not
dispersed by wind but remained in the seed heads
after they desiccated and fell off the plant.
However, that does not mean that dispersal over
longer distances does not occur. Our experiment
was designed to study local patch filling by foun-
der plants and not to quantify longer distance
dispersal events. The two cases of likely contam-
inations from neighboring plots suggest that seed
dispersal beyond the plot borders occurred
occasionally. In dispersal experiments using
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individually released C. acanthoides seeds Skar-
paas and Shea (submitted for publication) found
dispersal distances up to 52.6 m, while about 90%
of the seeds did not exceed 8 m in a grazed field.
In higher vegetation, long-distance dispersal was
even less frequent.

Rosette survival and growth

Sheppard et al. (1989) found that rosette mortality
of C. nutans in pastures was 90% in the summer
because of drought conditions and poor soil fer-
tility. We also found strong seasonal effects for C.
acanthoides, with highest mortality in summers.
Although the treatment effects on mortality were
not significant the average mortality was lowest in
the once clipped plots. This effect was significant,
however, when only small rosettes (diameter

< 19 cm) were considered, indicating that the
same competitive factors affect thistle recruitment
and the survival of small thistle rosettes.

Conclusions and implications for control

The expansion speeds, which we calculated as the
annual increase in the 90-percentile front distance
of the new recruits in the populations, are rela-
tively small: maximally 93 cm year'. However,
these neighborhood expansion speeds (Henge-
veld 1989; Shigesada and Kawasaki 1997) are not
directly comparable to regional invasion speeds
that involve long-distance dispersal by wind
(Skarpaas and Shea, submitted for publication) or
by other means: the experimental design only
allowed for quantification of the local population
spread and did not allow for long-distance colo-
nization of new populations. The observed low
expansion speeds may be enhanced when gap-
creating disturbances occur more intensely. On
arable land cultivation machinery has been shown
to strongly increase local wave speeds of weeds
(Schippers et al. 1993; Bischoff 2005).
Interspecific competition in combination with
seed limitation in the early stages is thus the
central explanation for the absence of thistle
outbreaks in most plots. The lack of establish-
ment of longer-term thistle populations in 55% of
the plots is consistent with the metapopulation
dynamics of fugitive biennials (van der Meijden
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et al. 1992). Klinkhamer et al. (1988) found that
51% of the local population of Cirsium vulgare
went extinct over a 3-year period. Pre- and post-
dispersal seed predation may have importantly
affected the earlier stages of colonization of the
disturbed site as well: the populations were seed-
limited, as can be deduced from the fact that the
founder’s seed production is correlated with the
number of recruits 6 years later.

Nevertheless, 45% of the founder plants did
establish a population. The conditions in this
experiment are likely similar to those at the time
of the initial invasion into the USA (few specialist
herbivores, grazed pastures with low thistle
propagule pressure); C. acanthoides was first re-
corded in 1879 in New Jersey (Desrochers et al.
1988). Clearly this is a species that has a high
probability of establishment and persistence.
Given that this species was likely introduced fre-
quently as a contaminant of agricultural seeds
from Europe, its invasion success was assured.

Acknowledgements We want to thank C. A. Holko, E. S.
Brickman, D. Ferrier and R. Feeney for their assistance,
and E. Rauschert, Z. Sezen, J. P. Smith and two anony-
mous reviewers for their comments on the manuscript.
This research was partly funded by the Maryland State
Highway Administration and the National Science Foun-
dation (Grant no. DEB-0315860).

References

Allen M, Shea K (2006) Spatial segregation of congeneric
invaders in Pennsylvania, USA. Biol Invasions 8:509-
521

Andow DA, Kareiva PM, Levin SA, Okubo A (1990)
Spread of invading organisms. Landscape Ecol
4:177-188

Bischoff A (2005) Analysis of weed dispersal to predict
chances of re-colonisation. Agric Ecosyst Environ
106:377-387

Crawley MJ (1992) Seed predators and plant population
dynamics. In: Fenner M (ed) Seeds: the ecology of
regeneration in plant communities. CAB Interna-
tional, Wallingford, pp 157-192

Desrochers AM, Bain JF, Warwick SI (1988) The biology
of Canadian weeds. 89. Carduus nutans L. and
Carduus acanthoides L. Can J Plant Sci 68:1053-1068

Dunn PH (1976) Distribution of Carduus nutans,
C. acanthoides, C. pycnocephalus, and C. crispus, in
the United States. Weed Sci 24:518-524

Eriksson O, Ehrlén J (1992) Seed and microsite limitation
of recruitment in plant populations. Oecologia
91:360-364



Biol Invasions (2007) 9:317-325

325

Feldman SR, Lewis JP (1990) Output and dispersal of
propagules of Carduus acanthoides L. Weed Res
30:161-169

Feldman SR, Vesprini JL, Lewis JP (1994) Survival and
establishment of Carduus acanthoides L. Weed Res
34:265-273

Fenner M (1978) A comparison of the abilities of colo-
nizers and closed-turf species to establish from seed
in artificial swards. J Ecol 66:953-963

Hengeveld R (1989) Dynamics of biological invasions.
Chapman & Hall, London

Jongejans E, Sheppard AW, Shea K (2006a) What controls
the population dynamics of the invasive thistle
Carduus nutans in its native range? J Appl Ecol
(in press)

Jongejans E, Soons MB, de Kroon H (2006b) Bottlenecks
and spatiotemporal variation in the sexual reproduc-
tion pathway of perennial meadow plants. Basic Appl
Ecol 7:71-81

Kelly D, McCallum K, Schmidt CJ, Scanlan P (1990) Seed
predation in nodding and slender winged thistles by
nodding thistle receptacle weevil. In: Proceedings
of the 43rd New Zealand weed and pest control
conference, pp 212-215

Klinkhamer PGL, de Jong TJ, van der Meijden E (1988)
Production, dispersal and predation of seeds in the
biennial Cirsium vulgare. J Ecol 76:403-414

Kok LT (2001) Classical biological control of nodding and
plumeless thistles. Biol Control 21:206-213

Kolar CS, Lodge DM (2001) Progress in invasion biology:
predicting invaders. Trends Ecol and Evol 16:199-204

Kot M, Lewis MA, vanden Driessche P (1996) Dispersal
data and the spread of invading organisms. Ecology
77:2027-2042

Lambrecht-McDowell SC, Radosevich SR (2005) Popula-
tion demographics and trade-offs to reproduction of
an invasive and noninvasive species of Rubus. Biol
Invasions 7:281-295

Memmott J, Fowler SV, Hill RL (1998) The effect of
release size on the probability of establishment of
biological control agents: gorse thrips (Sericothrips
staphylinus) released against gorse (Ulex europaeus)
in New Zealand. Biocontrol Sci Technol 8:103-115

Neubert MG, Parker IM (2004) Projecting rates of spread
for invasive species. Risk Anal 24:817-831

Pauchard A, Shea K (2006) Integrating the study of non-
native plant invasions across spatial scales. Biol
Invasions 8:399-413

Pinheiro JC, Bates DM (2000) Mixed-effects models in S
and S-Plus. Springer, New York

R Development Core Team (2005) R: a language and
environment for statistical computing. R Foundation
for Statistical Computing, Vienna

Roberts HA, Chancellor RJ (1979) Periodicity of seedling
emergence and achene survival in some species of
Carduus, Cirsium and Onopordon. J Appl Ecol
16:641-647

Schippers P, ter Borg SJ, van Groenendael JM, Habekotté
B (1993) What makes Cyperus esculentus (Yellow
Nutsedge) an invasive species?—a spatial model
approach. In: Brighton Crop Protection Conference,
Weeds, pp 495-504

Shea K, Chesson P (2002) Community ecology theory as a
framework for biological invasions. Trends Ecol Evol
17:170-176

Shea K, Kelly D (1998) Estimating biocontrol agent
impact with matrix models: Carduus nutans in
New Zealand. Ecol Appl 8:824-832

Sheppard AW, Cullen JM, Aeschlimann JP, Sagliocco JL,
Vitou J (1989) The importance of insect herbivores
relative to other limiting factors on weed population
dynamics: a case study of Carduus nutans. In: Delfosse
ES (ed) Proceedings of the VII International Sym-
posium on Biological Control of Weeds, Rome, Italy,
6-11 March, 1988

Shigesada N, Kawasaki K (1997) Biological invasions:
theory and practice. Oxford University Press, Ox-
ford

Stuckey RL, Forsyth JL (1971) Distribution of naturalized
Carduus nutans (Compositae) mapped in relation to
geology in northwestern Ohio. Ohio J Sci 71:1-15

Thompson A, Saunders AE, Martin P (1987) The effect of
nodding thistle (Carduus nutans) on pasture produc-
tion. In: 40th New Zealand Weed and Pest Control
Conference, pp 222-225

Tipping PW (1991) Effects of mowing or spraying Carduus
thoermeri on Rhinocyllus conicus. Weed Technol
5:628-631

Tipping PW (1992) Density of Carduus and Cirsium this-
tles in selected areas of Maryland. Weed Technol
6:434-436

van der Meijden E, Klinkhamer PGL, de Jong TJ, Wijk
CA (1992) Meta-population dynamics of biennial
plants: how to exploit temporary habitats. Acta Bot
Neerl 41:249-270

Veltman CJ, Nee S, Crawley MJ (1996) Correlates of
introduction success in exotic New Zealand birds.
Am Nat 147:542-557

Wardle DA, Ahmed M, Nicholson KS (1991) Allelopathic
influence of nodding thistle (Carduus nutans L.) seeds
on germination and radicle growth of pasture plants.
N Z J Agric Res 34:185-191

Wardle DA, Nicholson KS, Rahman A (1993) Influence of
plant age on the allelopathic potential of nodding
thistle (Carduus nutans L.) against pasture grasses and
legumes. Weed Res 33:69-78

@ Springer



	Establishment and spread of founding populations �of an invasive thistle: the role of competition �and seed limitation
	Abstract
	Introduction
	Materials and methods
	Data analysis
	Results
	Tab1
	Tab2
	Fig1
	Fig2
	Fig3
	Discussion
	Fig4
	Fig5
	Seed production
	Seed density on the soil
	Microsite availability
	Recruitment distributions
	Rosette survival and growth
	Conclusions and implications for control
	Acknowledgements
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR11a
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR22
	CR21
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


